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Accurate estimation of modulation 
amplitude in Brillouin optical 
correlation‑domain reflectometry 
based on Rayleigh noise spectrum
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In Brillouin optical correlation‑domain reflectometry (BOCDR), spatial resolution relies on the 
modulation amplitude of the light. We propose a Rayleigh‑based method that utilizes the spectral 
width of Rayleigh‑induced noise to measure this amplitude without altering the setup or requiring an 
optical spectrum analyzer. With high frequency resolution and ease of implementation, our approach 
enhances the convenience and accuracy of spatial resolution evaluation in BOCDR.

Brillouin-based optical fiber sensing has attracted substantial research attention due to its unique capability 
to measure temperature and strain distributions along a fiber under test (FUT)1–5. This feature is particularly 
valuable in applications such as structural health monitoring. Among the various approaches designed for 
distributed measurements, correlation-domain techniques are distinguished by their high spatial resolution and 
random accessibility to measurement points, setting them apart from traditional time-domain6–9 and frequency-
domain  methods10,11. Brillouin optical correlation-domain sensing encompasses two major configurations: 
Brillouin optical correlation-domain analysis (BOCDA)12–17, which leverages stimulated Brillouin scattering 
via the interaction of counter-propagating pump and probe lights with acoustic waves, and Brillouin optical 
correlation-domain reflectometry (BOCDR)18–25, which relies on spontaneous Brillouin scattering and allows 
single-end accessibility. This paper focuses specifically on the BOCDR technique.

The spatial resolution in BOCDR is critically determined by an inverse relationship with the product of the 
modulation amplitude and modulation frequency of the  light18,19. Consequently, precision in measuring the 
modulation amplitude is pivotal for assessing spatial resolution. Traditional methods have required observation of 
the modulated light spectrum through an optical spectrum analyzer (OSA)18 or a separate heterodyne detection 
system with an electrical spectrum analyzer (ESA)26. Utilizing an OSA, though, is encumbered by limitations 
such as restricted frequency resolution, significant cost, and bulky size. Conversely, while a separate heterodyne 
detection system with an ESA offers high-frequency resolution, it demands alterations to the BOCDR system, 
detracting from user  convenience26.

In this study, we propose a new method to measure the modulation amplitude without necessitating any 
alterations to the BOCDR experimental setup. By capitalizing on the spectral width of noise induced by Rayleigh 
scattering, our method not only enables modulation amplitude measurement without restrictions on the length 
of the FUT but also achieves high-frequency resolution. By employing the experimental setup of BOCDR with 
an ESA to directly observe Rayleigh-noise components, we ensure a straightforward implementation process, 
thus enhancing overall convenience. Note that this paper builds on preliminary findings presented in a prior 
conference  paper27 and offers a more comprehensive and reasoned analysis, enriched by detailed experimental 
insights.

Principle and proposal
The schematic diagram of BOCDR is depicted in Fig. 1, illustrating the underlying  principles12,18. Through 
the application of sinusoidal modulation to the incident light, “correlation peaks” emerge at specific positions 
along the FUT, where a strong temporal correlation exists between the Stokes and reference lights. By adjusting 
the modulation frequency, these correlation peaks are scanned along the FUT, enabling the acquisition of the 
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Brillouin gain spectrum (BGS) at any desired location. The resulting distribution of the Brillouin frequency 
shift (BFS) can then be converted into a corresponding strain or temperature distribution, owing to the linear 
relationship between BFS and strain/temperature.

The spatial resolution �z and the measurement range dm (interval between the neighboring correlation 
peaks) of BOCDR are given  by18,19:

where c is the velocity of light, �vB is the Brillouin bandwidth (~ 30 MHz) in optical fibers, n is the refractive index 
of the fiber core, fm is the modulation frequency, and �f  is the modulation amplitude. The sensing position x 
within the FUT can be expressed using the measurement range dm , the order of the correlation peak k, and the 
location of the proximal end of the FUT relative to the 0th correlation peak D:

Here, k is determined by the relative optical path lengths between the reference and the Brillouin-scattered lights. 
Specifically, the 0th-order peak corresponds to points of identical path length. Orders above zero (k = 1, 2, …) 
indicate scattered light paths that exceed the reference path length by multiples of dm. Conversely, negative orders 
(k =  − 1, − 2, …) represent scattered light paths shorter than the reference path by dm increments. The parameter 
D adopts a positive value when located further from, and a negative value when closer to, the 0th-order peak, 
mirroring the sign convention of k.

Figure 2a illustrates the schematic diagram of the noise spectrum caused by Rayleigh scattering, which is 
utilized for measuring the modulation amplitude. It has been reported that, when the length of the FUT exceeds 

(1)�z = c�vB
2nπfm�f ,

(2)dm =
c

2nfm ,

(3)x = k · dm − D.

Figure 1.  Conceptual setup of BOCDR. BFS: Brillouin frequency shift, ESA: electrical spectrum analyzer.

Figure 2.  (a) Schematic electrical spectra of the BOCDR output when the FUT length exceeds half of the 
measurement range; ∆f indicates the modulation amplitude. (b) Definitions of L and x in Eq. (4).



3

Vol.:(0123456789)

Scientific Reports |         (2024) 14:8112  | https://doi.org/10.1038/s41598-024-56426-2

www.nature.com/scientificreports/

half of the measurement range, the spectral width of the Rayleigh-induced noise observed on the ESA becomes 
twice the modulation  amplitude18,19. Therefore, when the length of the FUT exceeds half of the measurement 
range, the modulation amplitude can be estimated as half of the noise width. However, when the length of the 
FUT is less than half of the measurement range, the compensation method has not been sufficiently investigated.

When the FUT length is shorter than half of the measurement range, if a correlation peak exists within the 
FUT (refer to Fig. 2b), the upper limit of the achievable modulation amplitude ∆fmax has been reported to  be19:

where vB is the BFS and L is the total length of the FUT. Equation (2) suffices for estimating the maximum 
modulation amplitude, but in practical applications, setting the modulation amplitude to its maximum can risk 
laser damage. Therefore, by substituting vB on the right side of Eq. (4) with the Rayleigh noise width WR , we 
derive a formula that offers arbitrary modulation amplitude as a function of the Rayleigh width, as:

where �fR represents the estimated value of the modulation amplitude. By substituting Eqs. (2) and (3) into 
Eq. (5), the true modulation amplitude can be estimated from the Rayleigh noise width for any given modulation 
frequency:

On the other hand, our approach does not encompass scenarios where the length of the FUT is less than half 
of the measurement range, and no correlation peak is present within the FUT. This specific case results in low-
power Rayleigh noise, offering no tangible advantages for estimating the modulation amplitude and therefore 
lies outside the scope of our method.

Method
To substantiate the efficacy of our method in estimating the true modulation amplitude based on the Rayleigh 
noise width, we conducted demonstrations under two specific conditions: (i) the FUT length exceeds half of 
the measurement range, with no requirement for the presence of correlation peaks within the FUT, and (ii) the 
FUT length is less than half of the measurement range, with a correlation peak present within the FUT. A third 
scenario, (iii) where the FUT length is shorter than half of the measurement range and lacks a correlation peak 
within the FUT, was intentionally excluded from our consideration.

Figure 3a illustrates the experimental setup of the BOCDR system used to measure the Rayleigh noise width, 
which is basically the same as the standard  setup18. A distributed-feedback (DFB) laser at 1550 nm was employed 
as the light source. The total length of the FUT, including a circulator, was 21.0 m. Erbium-doped fiber amplifiers 
(EDFAs) were used to amplify the output power of the pump light up to 24 dBm and the Stokes light up to 
5 dBm, while the reference light was amplified up to 4.5 dBm. A 140-m-long delay fiber was inserted in the 
reference path. Subsequently, the experimental setup for measuring true modulation  amplitude26 is depicted in 
Fig. 3b. Laser 1 is the same as that used in the BOCDR system, and Laser 2 (same type of DFB laser) at 1550 nm 
was adjusted to have a center frequency difference of approximately 6 GHz, by controlling the driving current. 
For all measurements, the resolution bandwidth, video bandwidth, and sweep time of the ESA were 3 MHz, 
1 kHz, and 60 ms, respectively, and 40 times averaging was performed. The voltage amplitude of the function 
generator (FG) was fixed at 1.0  Vp-p, and measurements were performed by varying the modulation frequency 
within the range of 1.6–3.0 MHz with a step size of 0.1 MHz. Based on these experimental conditions, the 
modulation frequencies of ~ 2.42 MHz or higher corresponded to (i), while the modulation frequencies ranging 
from ~ 1.60 MHz to ~ 2.42 MHz corresponded to (ii). Note that the modulation frequencies of ~ 1.60 MHz or 
lower pertained to (iii), a case that was explicitly excluded from consideration in this experiment. Considering 
the negative order of the correlation peak (k = −1) in Eq. (6), the D value was determined as −63.7 m.

Results
Figure 4a illustrates the Rayleigh noise spectrum obtained using the BOCDR system, while Fig. 4b displays the 
interference spectrum used for measuring the true modulation amplitude. The Rayleigh noise width exhibited a 
narrowing trend initially as the modulation frequency increased, followed by a widening trend, whereas the true 
modulation amplitude consistently increased. This indicates that the method for estimating the true modulation 
amplitude from the noise width differs depending on conditions (i) and (ii). Figure 5 presents the modulation 
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frequency dependencies of half the value of the Rayleigh noise width WR/2 , the estimated modulation amplitude 
�fR calculated using the Rayleigh noise, and the measured true modulation amplitude �fmeas . Notably, around 
1.9 MHz, where the correlation peak existed within the FUT and the FUT length was shorter than half of 
the measurement range, the Rayleigh noise width significantly deviated from the true modulation amplitude. 
Conversely, the estimated �fR values calculated from the Rayleigh noise width closely aligned with the true 
modulation amplitude, with a maximal error of ~ 9% at 1.7 MHz. These experimental results demonstrate the 
effectiveness of our method for estimating the modulation amplitude from the measured Rayleigh noise width, 
irrespective of the FUT length.

Conclusion
This study presented a new method for estimating the modulation amplitude in BOCDR without requiring 
modifications to the experimental setup or the use of an OSA. By exploiting the spectral width of the Rayleigh-
induced noise, our method enables accurate measurement of the modulation amplitude while overcoming 
length restrictions on the FUT. With its high frequency resolution and easy implementation, we believe that 
this approach will enhance the convenience of modulation amplitude measurement, thereby facilitating spatial 
resolution evaluation in BOCDR.

Figure 3.  (a) Experimental setup of BOCDR. EDFA: erbium-doped fiber amplifier, ESA: electrical spectrum 
analyzer, PSCR: polarization scrambler. (b) Experimental setup for measuring the true modulation amplitude. 
PC: polarization controller.
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Figure 4.  Measured electrical spectra (at four modulation frequencies), used to measure (a) the noise width 
and (b) true modulation amplitude.
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Data availability
Data underlying the results presented in this paper are not publicly available at this time but may be obtained 
from authors upon reasonable request by contacting Yosuke Mizuno at mizuno-yosuke-rg@ynu.ac.jp.

Received: 14 August 2023; Accepted: 6 March 2024

References
 1. Agrawal, G. P. Nonlinear Fiber Optics (Academic Press, 2019).
 2. Hartog, A. H. An Introduction to Distributed Optical Fibre Sensors (CRC Press, 2017).
 3. Galindez-Jamioy, C. A. & López-Higuera, J. M. Brillouin distributed fiber sensors: An overview and applications. J. Sens. 2012, 

204121 (2012).
 4. Bao, X. & Chen, L. Recent progress in Brillouin scattering based fiber sensors. Sensors 11, 4152 (2011).
 5. Coscetta, A., Minardo, A. & Zeni, L. Distributed dynamic strain sensing based on Brillouin scattering in optical fibers. Sensors 20, 

5629 (2020).
 6. Horiguchi, T. & Tateda, M. BOTDA-nondestructive measurement of single-mode optical fiber attenuation characteristics using 

Brillouin interaction: theory. J. Lightw. Technol. 7, 1170 (1989).
 7. Kurashima, T., Horiguchi, T., Izumita, H., Furukawa, S. & Koyamada, Y. Brillouin optical-fiber time domain reflectometry. IEICE 

Trans. Commun. E76-B, 382 (1993).
 8. Wang, Y., Chen, L. & Bao, X. Single-shot chirped pulse BOTDA for static and dynamic strain sensing. Opt. Lett. 46, 5774 (2021).
 9. Soto, M. A., Yang, Z., Ramírez, J. A., Zaslawski, S. & Thévenaz, L. Evaluating measurement uncertainty in Brillouin distributed 

optical fibre sensors using image denoising. Nat. Commun. 12, 4901 (2021).
 10. Garus, D., Krebber, K., Schliep, F. & Gogolla, T. Distributed sensing technique based on Brillouin optical-fiber frequency-domain 

analysis. Opt. Lett. 21, 1402 (1996).
 11. Minardo, A. et al. Proposal of Brillouin optical frequency-domain reflectometry (BOFDR). Opt. Express 24, 29994 (2016).
 12. Hotate, K. Brillouin optical correlation-domain technologies based on synthesis of optical coherence function as fiber optic nerve 

systems for structural health monitoring. Appl. Sci. 9, 187 (2019).
 13. Hotate, K. & Hasegawa, T. Measurement of Brillouin gain spectrum distribution along an optical fiber using a correlation-based 

technique–proposal experiment and simulation. IEICE Trans. Electron. E83-C, 405 (2000).
 14. Wang, B., Fan, X., Fu, Y. & He, Z. Dynamic strain measurements based on high-speed single-end-access Brillouin optical correlation 

domain analysis. J. Lightw. Technol. 37, 2557 (2019).
 15. Zhou, Y. et al. Long-range high-spatial-resolution distributed measurement by a wideband Brillouin amplification-boosted 

BOCDA. J. Lightw. Technol. 40, 5743 (2022).
 16. López-Gil, A., Martin-Lopez, S. & Gonzalez-Herraez, M. Phase-measuring time-gated BOCDA. Opt. Lett. 42, 3924 (2017).
 17. Wang, Y. et al. Long-range chaotic Brillouin optical correlation domain analysis with more than one million resolving points. Adv. 

Photon. Nexus 2, 036011 (2023).
 18. Mizuno, Y., Zou, W., He, Z. & Hotate, K. Proposal of Brillouin optical correlation-domain reflectometry (BOCDR). Opt. Express 

16, 12148 (2008).
 19. Mizuno, Y., Zou, W., He, Z. & Hotate, K. Operation of Brillouin optical correlation-domain reflectometry: Theoretical analysis 

and experimental validation. J. Lightw. Technol. 28, 3300 (2010).
 20. Zhu, G. et al. Wide-dynamic-range Brillouin optical correlation-domain reflectometry with 20-kHz sampling rate. IEEE Sens. J. 

22, 6644 (2022).
 21. Mizuno, Y., Hayashi, N., Fukuda, H., Song, K. Y. & Nakamura, K. Ultrahigh-speed distributed Brillouin reflectometry. Light Sci. 

Appl. 5, e16184 (2016).

Figure 5.  Measured modulation frequency dependences of half the Rayleigh noise width WR/2 , the estimated 
modulation amplitude �fR , and the true modulation amplitude �fmeas.



7

Vol.:(0123456789)

Scientific Reports |         (2024) 14:8112  | https://doi.org/10.1038/s41598-024-56426-2

www.nature.com/scientificreports/

 22. Mizuno, Y., Lee, H. & Nakamura, K. Recent advances in Brillouin optical correlation-domain reflectometry. Appl. Sci. 8, 1845 
(2018).

 23. Noda, K., Lee, H., Nakamura, K. & Mizuno, Y. Brillouin optical correlation-domain reflectometry based on arbitrary waveform 
modulation: A theoretical study. Opt. Express 29, 13794 (2021).

 24. Ochi, S. et al. Guideline for improving spatial resolution in direct-modulation Brillouin optical correlation-domain reflectometry. 
Jpn. J. Appl. Phys. 62, 088001 (2023).

 25. Noda, K., Lee, H., Mizuno, Y. & Nakamura, K. First demonstration of Brillouin optical correlation-domain reflectometry based 
on external modulation scheme. Jpn. J. Appl. Phys. 58, 068004 (2019).

 26. Noda, K., Han, G., Lee, H., Mizuno, Y. & Nakamura, K. Proposal of external modulation scheme for fiber-optic correlation-domain 
distributed sensing. Appl. Phys. Express 12, 022005 (2019).

 27. Kikuchi, K. et al. Rayleigh-based accurate estimation of modulation amplitude in Brillouin optical correlation-domain 
reflectometry, presented at 28th International Conference on Optical Fiber Sensors (OFS-28), Hamamatsu, Japan (2023). https:// 
doi. org/ 10. 1364/ OFS. 2023. W4. 89.

Acknowledgements
This work was partly supported by the Japan Society for the Promotion of Science (21H04555 and 22K14272).

Author contributions
Y.M. conceived the experiments, K.K., H.L., R.I., K.O., and H.S. conducted the experiments, K.K., H.L., R.I. and 
Y.M. analyzed the results. All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Y.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

https://doi.org/10.1364/OFS.2023.W4.89
https://doi.org/10.1364/OFS.2023.W4.89
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Accurate estimation of modulation amplitude in Brillouin optical correlation-domain reflectometry based on Rayleigh noise spectrum
	Principle and proposal
	Method
	Results
	Conclusion
	References
	Acknowledgements


